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Electrons – Pros & Cons  

Electrons required for plasma generation and beam neutralization 

Electrons cause problems by surface and differential charging and 
slow ion-electron recombination 

Ion assisted etching Electric propulsion 

GOCE  

Fusion heating 

Space propulsion 
acceleration by ejecting mass 

T < 1 N  
Isp> 2000 s 

T ~ 108-1 N 
Isp~ 200-400 s 
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Mass consumption 
Chemical versus Electric Propulsion 

Cost to sent 1 kg to LEO is ~ 20 k€ !  

m0 = 2 ton!
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SPACE MISSIONS SINCE THE 1950’S 

Source: the big picture 



Principle of Electric Propulsion 

Positive ion beam for thrust 
Downstream Neutralization by electrons 

Slow Recombination between ions and electrons 

Two weak points: 
1)  Hollow cathode – limited lifetime and stability 
2)  Back scattering and sputtering  

PEGASES  
Plasma propulsion with electronegative gases 

Stage 1 
Plasma discharge,  
power coupling 

Stage 2 
Electron filtering,  
ion-ion formation 

Stage 3 
Acceleration and 
recombination 



PEGASES Prototype 

Stage 1 
ICP source 

Stage 2 
Magnetic barrier 

Stage 3 
Gridded alternate acceleration 
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STAGE  1 
PLASMA DISCHARGE WITH 
ELECTRONEGATIVE GASES 



RF plasma discharges 
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Inductively coupled plasma (ICP)  
with high efficiency 
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Skin depth 

Requirements for space applications: 
Small and light 
Minimal energy loss 
Large parameter space in T and Isp 

Inductor coil embedded in a  
ferrite material 

RF frequency: 4 MHz 
Z-matching: Step-down transformer 



Power transfer efficiency in PEGASES 

Up to 90 % power transfer efficiency in Argon 

70 – 85 % efficiency in current PEGASES condition 

Argon 

100 mTorr 
10 mTorr 

1 mTorr 

SF6-Argon mixture 

2 mTorr 

50 mTorr 

Electronegative volume produced plasma 

Ionization: A2+e-  A2
++2e- 

Attachment: A2+e-  A- + A  



Propellant in the PEGASES thruster 

Space requirements 
High mass 
Low ionization threshold 
Electronegative 
Price and Conditioning 

Classic propellant 

PEGASES 
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STAGE  2 
MAGNETIC FILTER AND ION-ION FORMATION 



Control of the electron temperature 

Cool down the electrons 
Control of high and low Te region by pressure and B-field 

B=0 

B=245 G 
x 

Plasma density in the magnetic barrier 

In electropositive plasmas the plasma density  

decreases strongly in the filter region 

B=0 

B=245 G 

Argon 

B=245 G 

B=0 

NB: log scale 



Ion-Ion plasma in the magnetic barrier 

In electronegative plasmas the ion density remain high 

 ni~5x1011 cm-3 at 150 W 

B=0 

B=245 G 

SF6 

electrons 

negative  
ions 

positive  
ions 

Langmuir probes  
in electronegative plasmas 

negative ions 

electrons 
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STAGE  3 
ALTERNATE ION ACCELERATION  

Classical gridded acceleration 

E 

The Child-Langmuir space charge 
limited current controls the 

maximum Thrust 
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Alternate acceleration – Concept 

Alternate acceleration – Requirements 

Waveform requirements 

Upper limit: 
ω<ωpi~ 10-20 MHz 
ω<1/τtof~ 1 MHz 

Lower limit: 
Beam packet blowup 
Beam oscillations 
Estimated ω > kHz 

Optimization: 
square waveforms 
variable rise time and periods  



Alternate acceleration   
Proof-of-Concept with ±100 V at 1 KHz 

charge exchange 

electrons 

positive ions Argon 

positive ions RFEA electrons 

negative ions 

SF6 

Alternate acceleration  
Ion beam energy 

positive ions electrons 

negative ions 

SF6 

Positive ion beam at +114 V,  
Negative ion beam at – 67 V 



Alternate acceleration 
Ion beam energy versus grid potential 

positive ions electrons 

negative ions 

SF6 

1 kHz 

CW 

PEGASES – from concept towards reality  

Stage 1 
•  Ferrite enhanced ICP 

source 

• 70-85 % power 
efficiency in current 
PEGASES conditions  

Stage 2 
• Segregation of the 

electronegative plasma 

•  Formation of ion-ion plasma 

• High density 5x1011 cm-3 
at only 150 W 

€ 

T = AgΓiMivb = Ageni 2TiVb

Estimated Thrust 

ni~ 2x1017 m-3, Vb=200V, T=0.5 eV 

T= 20 mN/kW 

with efficient ion-ion recombination 

Stage 3 
• Dual ion acceleration 

•  First proof-of-concept 
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